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A  Statement  of  the  Problem  Studied 


The  overall  aim  of  our  project  is  to  develop  novel  polymeric  materials  with  superior  mechanical 
properties,  which  can  be  achieved  through  incorporation  of  ionic  groups  ('bonds').  One  way  of  achieving 
this  goal  is  to  incorporate  ionic  groups  (ionic  bonds)  into  a  liquid  crystalline  polymer  (LCP),  which  can 
lead  to  a  significant  increase  in  mechanical  properties  (especially  in  compressive  load).  Another  way  of 
developing  novel  materials  is  to  blend  ionic  LCP  with  a  polar  polymer,  typically  used  as  an  engineering 
polymer,  which  can  lead  to  significant  enhancement  in  mechanical  properties  of  the  parent  polymer. 


A  Summary  of  the  Most  Important  Results 

Since  technical  materials  were  reported  in  the  interim  progress  reports,  only  a  summary  of  the  most 
important  results  are  given.  We  have  developed  novel  ionic  LCPs  that  show  enhanced  mechanical 
properties  (especially  in  compressive  strength)  and  compatibility  with  other  polymers.  A  base  polymer 
of  ionic  LCPs  is  a  wholly  aromatic  polyester,  better  known  as  Vectra  of  Hoechst-Celanese.  To  the  best 
of  our  knowledge,  this  is  the  first  successful  demonstration  of  improved  compressive  properties  via 
introduction  of  ionic  bonds. 


1.  Development  and  Mechanical  Properties  of  Ionic  LCP  with  meta-linked  5-sulfoisophthalate  (SI)  units 

We  have  found  that  tensile  properties  of  LCP  films  can  be  enhanced  significantly;  e.g.,  upon 
addition  of  only  1  mol%  ionic  groups  (Ca  salt)  into  Vectra,  the  modulus  increases  from  13  to  42  GPa 
(3.2  times  increase)  and  the  tensile  strength  increases  from  142  to  477  MPa  (3.4  times  increase),  while 
the  elongation  at  break  is  little  changed.  We  believe  that  this  increase  in  the  strength  arises  from  an 
increase  in  shear  strength  due  to  increased  intermolecular  interactions  via  ionic  bonds. 

More  importantly,  compressive  properties  are  found  to  be  enhanced.  One  of  the  inherent 
problems  of  LCPs  is  their  poor  compressive  (and  transverse)  strength  in  contrast  to  high  longitudinal 
strength.  We  have  found  for  the  first  time  that  the  introduction  of  ionic  groups  (or  bonds)  into  Vectra 
leads  to  enhanced  compressive  properties.  Observation  of  specimens  of  (1)  knotted  fibers  in  the  form  of 
a  single  loop  and  (2)  fibers  embedded  in  a  matrix  of  a  composite  that  is  under  compressive  load,  can 
provide  information  on  the  compressive  strength.  For  example,  when  subjected  to  compressive  load, 
nonionic  Vectra  fibers  (embedded  in  a  matrix  polymer)  show  kink  bands  under  compressive  load  of  300 
lb,  while  ionic  Vectra  fibers  (lmol%;  Na  salt)  show  no  kink  bands  under  the  same  conditions.  Kink 
bands  are  deformation  mechanism  of  high-performance  fibers  which  develop  due  to  a  low  compressive 
strength.  When  the  shear  strength  across  planes  containing  molecules  is  low,  kink  bands  are  formed 
rather  easily.  Our  results  suggest  that  the  compressive  properties  of  Vectra  are  enhanced  through 
introduction  of  ionic  bonds.  This  is  because  the  weak  lateral  cohesion  between  Vectra  molecules  are 
enhanced  by  such  strong  ionic  bonds.  It  is  of  interest  to  note  that  introduction  of  covalent  cross-links  in 
liquid  crystalline  polymers  has  led  to  little  success  in  improvement  of  compressive  strength.  This 
contrast  is  due  to  the  nondirectional  nature  of  ionic  bonds  in  contrast  to  the  directional  nature  of 
covalent  bonds;  nondirectional  bonds  seem  to  better  serve  to  enhance  compressive  properties. 
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2.  Development  and  Mechanical  Properties  of  Novel  ionic  LCP  with  para-linked  hvdroquinone-2.5- 
disulfonate  (HODS)  units 

Following  the  first  work  on  ionic  Vectra  that  contains  meta-linked  “kinked”  units,  5- 
sulfoisophthalate  (SI),  we  have  developed  a  new  type  of  ionic  Vectra,  which  contains  para-linked 
“straight”  units,  hydroquinone-2, 5-disulfonate  (HQDS). 

Like  ionic  Vectra  with  SI  units,  ionic  Vectra  with  HQDS  units  show  nematic  liquid  crystalline 
structure.  Thermal  (DSC)  analysis  on  ionic  Vectra  containing  HQDS  (K  salt)  units  shows  an  interesting 
trend:  the  nearly  constant  melting  temperature,  Tm,  and  crystallization  temperature,  Tc,  against  ionic 
content.  This  is  in  marked  contrast  to  the  results  on  ionic  Vectra  containing  SI  units,  where  both  Tmand 
Tc  decrease  with  ionic  content.  This  is  because  the  ionic  Vectra  with  HQDS  units  contains  ionic 
monomer  with  “straight”  units,  which  do  not  disturb  the  semi-rigid  chain  structure  of  Vectra,  whereas 
the  ionic  Vectra  with  SI  units  contains  ionic  monomer  with  “kinked”  units,  which  decrease  the  rigidity 
of  the  backbone  chains.  The  loss  of  rigidity  leads  to  lower  Tmand  Tc. 

We  have  found  that  the  tensile  properties  of  this  new  ionic  Vectra  increase  with  increasing  ionic 
content,  e.g.,  the  tensile  strength  increases  from  142  MPa  for  nonionic  Vectra  to  364  MPa  for  4  mol% 
ionic  Vectra.  This  increase  in  tensile  strength  is  more  significant  than  that  for  the  ionic  Vectra  with  SI 
units.  Again,  this  is  due  to  the  incorporation  of  “straight”  units  into  Vectra  molecules. 


3.  Simple  modeling  (for  extrusion  and  tension/compression) 

We  have  proposed  a  simple  model  that  can  explain  the  enhancement  in  the  mechanical  properties 
of  ionic  Vectra.  The  basic  idea  of  the  model  is  that  the  enhancement  in  intermolecular  interactions 
through  ionic  bonds  should  be  the  most  important  factor  for  the  significant  enhancement  in  the 
mechanical  properties. 

First,  a  model  of  extrusion  of  ionic  Vectra  is  given:  during  film/fiber  formation  through  melt 
extrusion,  the  ionic  cross-links  may  be  broken  (or  weakened)  on  melting  at  high  temperatures  and 
reformed  after  chain  alignment  by  elongational  flow  during  extrusion.  The  highly  aligned  polymer 
chains  and  ionic  cross-links  can  be  “frozen  in”  when  the  film  is  quenched  in  air. 

Second,  a  model  of  mechanical  behavior  of  ionic  Vectra  is  given.  As  we  have  observed,  tensile 
properties  of  Vectra  are  enhanced  significantly  upon  addition  of  ionic  groups.  Ionic  groups  form 
strong  ionic  cross-links  between  the  LCP  chains,  which  provide  stronger  lateral  support  to  the  highly 
aligned  macromolecules.  This  allows  higher  tensile  load  being  transferred  between  finite  length 
polymer  chains.  Unlike  covalent  cross-links,  which  usually  reduce  the  tensile  properties  of  the  LCP, 
ionic  cross-links  enhance  tensile  properties  of  the  LCP. 

Finally,  as  demonstrated  in  our  experiments  on  ionic  Vectra  with  SI  units,  the  ionic  Vectra  shows 
better  compressive  properties.  Kink  bands  are  deformation  mechanism  of  high-performance  fibers 
which  develop  due  to  a  low  compressive  strength.  Since  chain  buckling  is  needed  for  kink  band 
formation  and  since,  prior  to  chain  buckling,  inter-chain  bonds  must  be  broken,  the  enhancement  in 
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inter-chain  bonds  hinders  kink  band  formation.  In  other  words,  higher  compressive  stress  is  needed  to 
produce  kink  bands.  Thus,  compressive  properties  are  enhanced  for  ionic  Vectra,  since  the  weak  lateral 
cohesion  between  molecules  are  enhanced  by  the  strong  ionic  bonds.  Again,  it  is  of  interest  to  note  that 
another  attempt  to  overcome  weak  compressive  strength,  an  introduction  of  covalent  cross-links  into 
liquid  crystalline  polymers,  has  led  to  little  success  in  improvement  of  compressive  strength. 


4.  Formation  and  Mechanical  Properties  of  Ionic  LCP  blends  (with  PET) 

The  first  blend  system  studied  is  made  of  an  ionic  Vectra  and  a  polar  polymer,  polvtethvlene 
terer>hthalate)(PET) .  We  have  found  that  not  only  are  the  modulus  and  strength  enhanced,  but  also  is 
the  ductility.  For  example,  the  strain  at  break  increases  from  4.1%  for  PET  to  12.5%  (3  times)  for 
Blend  1  (3  mol%  ionic  Vecta/PET  (5/95))  and  to  16.3%  (4  times)  for  Blend  2  (6  mol%  ionic 
Vecta/PET  (5/95)).  It  is  also  noted  that  blends  containing  ionic  Vectra  having  higher  ion  content  (6 
mol%  in  Blend  2  vs.  3  mol%  in  Blend  1)  shows  more  a  significant  increase  in  mechanical  properties. 
These  results  arise  from  good  miscibility/adhesion  between  two  polymers  (ionic  Vectra  and  PET),  since 
ionic  groups  of  ionic  Vectra  and  ionic  dipoles  of  PET  can  interact  strongly  through  ion-dipole  bonds. 


5.  Formation  and  Mechanical  Properties  of  Ionic  LCP  blends  (with  PEN) 

The  second  blend  is  made  of  an  ionic  Vectra  and  a  polar  polymer,  poly  (ethylene  2,6- 
naphthalate)(PEN).  In  this  work,  we  have  kept  the  content  of  ionic  Vectra  to  be  only  1.5  wt%.  We 
have  found  that  not  only  is  the  strength  enhanced,  but  also  is  the  ductility.  For  example,  the  tensile 
strength  increases  from  86  MPa  for  PEN  to  183  MPa  (113  %  higher)  for  the  blend.  Also,  the  strain  at 
break  increases  from  102  %  for  PEN  to  185  %  (80  %  higher)  for  the  blend  and  toughness  increases 
from  56  MJ/m3  for  PEN  to  186  MJ/m3  (230  %  higher)  for  the  blend.  Again,  these  results  arise  from 
good  miscibility /adhesion  between  the  two  polymers  (ionic  Vectra  and  PEN),  since  ionic  groups  of 
ionic  Vectra  and  ionic  dipoles  of  PEN  can  interact  strongly  through  ion-dipole  bonds.  This  is  confirmed 
by  scanning  electron  microscopy  (SEM).  Ionic  Vectra  molecules  work  as  a  reinforcer  for  the  PEN 
matrix. 

Although  we  have  used  PET  or  PEN  as  a  polar  polymer,  we  can  expect  that  enhancement  in 
mechanical  properties  will  also  be  observed  for  other  polar  polymers  when  blended  with  ionic  Vectra. 
This  expectation  is  justified  by  the  fact  that  ion-dipole  bonds  are  found  to  be  useful  in  enhancing 
miscibility  of  various  polymer  blends  in  which  both  components  are  conventional,  flexible  polymers. 
As  we  have  demonstrated,  a  key  to  the  success  of  making  LCP  blends  with  enhanced  mechanical 
properties  is  the  use  of  ionic  LCP  as  a  component,  which  leads  to  enhanced  miscibility  and  adhesion 
between  the  component  polymers. 


Overall 


We  have  found  and  successfully  demonstrated  for  the  first  time  that  ionic  bonds  incorporated  into 
LCPs  can  overcome  inherent  weakness  of  LCPs;  i.e.,  weak  compressive  strength.  Without  sacrificing 
already  excellent  tensile  strength  (or  even  enhancing  the  strength),  we  can  enhance  compressive 
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strength  via  introduction  of  ionic  bonds.  It  should  be  stressed  that  only  small  amounts  of  ionic  groups 
(typically  several  mol%)  are  needed  to  achieve  these  results.  Coupled  with  advantage  of  ionic  bonds, 
such  as  thermal  processablility ,  ionic  LCP  will  find  various  applications  and  many  novel  ionic  LCPs 
will  be  developed  based  on  our  finding. 

Furthermore,  we  have  clearly  demonstrated  that  LCP  can  be  more  miscible  with  a  polar  polymer, 
when  ionic  groups  are  added  to  LCP  chains.  These  blends  show  enhanced  mechanical  properties.  Since 
many  engineering  polymers  are  polar  polymers  having  ionic  dipoles,  many  polymer  blends  can  be 
created  by  mixing  ionic  LCP  with  various  polar  polymers. 
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of  Hoechst-Celanese.  Due  to  an  increase  in  lateral  interactions  between  LCP  chains  via  ionic  bonds,  a 
significant  increase  in  mechanical  properties  (both  in  tension  and  compression)  has  been  observed. 
Especially  important  is  the  finding  that  the  compressive  properties  can  be  enhanced  without  losing 
excellent  tensile  properties.  This  is  not  possible  via  introduction  of  covalent  cross-links.  Coupled  with 
thermal  processability  of  these  ionic  LCPs,  this  method  will  be  used  to  produce  LCPs  with  improved 
compressive  properties.  We  have  also  found  that  blending  of  ionic  Vectra  with  a  polar  polymer, 
typically  used  as  an  engineering  polymer,  leads  to  significant  enhancement  in  mechanical  properties  of 
die  parent  polymer.  It  should  be  added  that  the  amount  of  ionic  Vectra  added  is  small  (e.g.,  10  %), 
thus  this  is  a  very  useful  approach  to  develop  polymeric  materials  with  enhanced  mechanical  properties 
of  parent  polymers. 
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